The apatite fission track (FT) analysis of Jurassic sandstones from the Beipiao basin in the eastern China indicates a large variation in FT age peaks. The sandstone of the Beipiao Formation has two peak ages at 178.8 and 40.0 Ma, while the sandstone of the Tuchengzi Formation has three age peaks at 152.0, 77.5 and 32.5 Ma. This implies that the provenance of the Beipiao basin in the early Jurassic and later Jurassic changed obviously. According to the Mesozoic regional thermo-tectonic evolution of the YanLiao orogenic belt, these apatites with different FT ages possibly represent different source components, although partial annealing had occurred to these apatites. The apatites of the oldest peak age (178.8-152.0 Ma) possibly originated from the pre-Mesozoic sedimentary covers of the North China Block (NCB), while the apatites of the intermediate peak age (77.5 Ma) and the younger peak age (40.0-32.5 Ma) came from the underlying Archean basement rocks and the Mesozoic volcanic detritus respectively. It is recognized that the basin sediments in the early Jurassic are composed of the Mesozoic volcanic detritus and pre-Mesozoic sedimentary detritus eroded from the uplifted regions around the basin. The existence of the intermediate peak age in the Tuchengzi Formation implies that the Archean basement rocks of the NCB might have become an important source of the upper Jurassic, which responded well to the south-southeast-trending thrust faulting in the northern of the NCB.
INTRODUCTION
Coupling between the sedimentation in a basin and the unroofing-erosion in the surrounding orogens makes it possible to understand the basin-mountain evolution, thermo-tectonic history and surface crustal recycling processes by studying the detritus composition, geochemical characteristics of the basin sediments (Dickinson and Suczek, 1979; Dickinson and Valloni, 1983; Follo, 1992; Ford et al., 1999; Leiss, 1992; Xiao et al., 1995) . However, due to the diversity of the basin provenance as well as differentiation in the course tectonic events that sediments source experienced can be identified. Generally, the zircon U-Pb age represents the time that zircon formed in igneous or high-grade metamorphic environments. Since the zircon U-Pb systematics is undisturbed by temperature below 700°C, zircon U-Pb ages mainly reflect the time of magma emplacement or highgrade metamorphic events. Therefore, these ages may not necessarily be representative of an immediate source, but instead derive from more distal sources as a consequence of a polycyclic history. Compared with the zircon U-Pb systematics, the advantage of the apatite FT technique is that it can provide low-temperature (70-120°C) data that record the thermo-tectonic evolution of the source immediately prior to erosion. Such information is central to understanding the temporal relationships between a developing source region and the sedimentation in the adjacent basins. Due to the development of the analytical technique, the fission track analysis has been widely used in determining the deposition age of sedimentary rocks or the thermal history of a basin in recent years (Green, 1984; Green et al., 1989; Gleadow and Duddy, 1984; Wagner et al., 1989; Zhang and Wang, 2000; Wang et al., 2000; Wang, 1995; Wu, 1998) .
Moreover, the FT analysis can be employed for dating detrital grains from sedimentary rocks and tracing basin provenance. The apatites collected from regions within the uppermost part of the Earth's crust which have not experienced a postdepositional thermal history sufficient to cause track annealing may preserve a record of their original provenance thermal history. The apatite fission track age and length analysis is suitable to trace the basin provenance if the thermal histories of the surrounding orogenic belts are well known. The external detector method of the fission-track dating is capable of providing the FT age for an individual mineral grain. Relative to other higher temperature isotopic systems (K-Ar hornblende or white mica, U-Pb for zircon), the amount of time between the closure of the FT system in rocks of the source region and the deposition of the sediments derived from those rocks in a sedimentary basin should be relatively short. The method applied to dating detrital apatites in unreset sandstone sample has much potential for tracing the provenance of the sample (Hurford, 1990) . McGoldrick and Gleadow (1977) first used the method to trace basin provenance and others followed (Carter et al., 1995) . Over the last decade, most detrital FT provenance studies have concentrated on exploiting the system's comparative high level of temperature sensitivity to provide unique information about the source denudation (Cerveny et al., 1988; Brandon and Vance, 1992) .
The Yan-Liao orogenic belt is the northern segment of the North China Block (Fig. 1) . During the Mesozoic to Cenozoic time, it experienced intense tectonic activation, accompanied by the formation of typical intra-continental basins and widespread magmatism. It is a very important area for studying continental dynamics and the Mesozoic-Cenozoic tectonic evolution in the eastern China. Most of the previous work in this area has concentrated on analyzing the basement formation, structural styles and volcano-sedimentary strata since the early 1900s (Wong, 1929) . Because the Yan-Liao belt has been influenced by many thermo-tectonic events since the Mesozoic time, there are many different viewpoints about the tectonic evolution and structural style. The main points of controversy are: 1) when did the tectonic activation start, in the early Yanshanian (Zhao et al., 1994; Wang, 1996) or during the Indosinian (Cui and Li, 1983) ? 2) What caused the tectonic activation, a far-field effect (Cheng, 1994) or the deep-seated basaltic underplating process (Chen, 1956; Shao et al., 2000; Davis et al., 2001 )? 3) How many contractional events happened in the Yan-Liao belt (Davis et al., 2001; Zhao, 1990) ? 4) What is the likely uplifting sequence, inhomogeneous or coincident (Wu et al., 2000) ?
The Beipiao basin lies in the eastern part of the Yan-Liao orogenic belt. As one of the largest intra-continental basins in the region, the sediments in the Beipiao basin contain abundant information about the tectonic evolution of the Yan-Liao belt. In this paper, we report the results of the single-grained apatite fission track age of sandstones collected from the Jurassic strata. The aim of this study is to reveal the variation of the basin provenance and the relationship with the thermo-tectonic evolution of the Yan-Liao orogenic belt.
GEOLOGICAL BACKGROUND AND SAMPLING
The basement rocks of the Yan-Liao orogenic belt are composed of Archean crystalline rocks with the oldest recorded crustal age of 3.8 Ga (Fig.  1) (Liu, 1991) . Early Proterozoic neritic sediments (ca. 1850-1800 Ma) are widespread, but of variable total thickness (0 m to >10 km) and the Later Proterozoic (Sinian), ca. 800-615 Ma, are missing. Paleozoic strata on the craton are represented by: 1) Cambrian-Middle Ordovician deposits dominated by neritic carbonates; 2) The upper Carboniferous-Lower Permian alternating marine and terrestrial sequences, characterized by carbonates and coal-bearing clastic rocks respectively; 3) Upper Permian-Triassic red beds and conglomerates. By the end of the middle Triassic, due to the Indosinian movement, the south-directed compression led to the deformation of pre-Mesozoic strata and the formation of a series of east-northeast-trending fold and fault belts, as well as some small-volume intra-continental basins. From the early Jurassic to early Cretaceous, the Yan-Liao fold and thrust belt was characterized by the intense magmatism and deformation (including multiple phases of folding and contractional, extensional, and strike-slip faulting) as a consequence of the Yanshanian event. In the intra-continental basins, kilometer-scale terrestrial volcanic and clastic sediments were developed.
As one of the largest Mesozoic intra-continental basins, the Beipiao basin experienced three volcano-sedimentary cycles and deposited thousand-meter-thick Jurassic-Cretaceous sequences. Jurassic coal-bearing clastic rocks and continental volcano-sedimentary units overlie unconformably the Archean basement or the younger Phanerozoic sediments. The late Triassic volcanic activity has been identified, but is geographically restricted. Throughout the Jurassic, mafic to intermediate volcanism is widespread in Beipiao, 
ANALYTICAL TECHNIQUE
Because apatite fission track age is calculated through counting the density of fission tracks, the analyzing precision of single-grained apatite FT age is low. Furthermore, the apatites in sandstone derived from different source areas often have different age components if they were not reset totally after the deposition. In order to improve the analyzing precision of single-grained fission track age and gain more information about source regions, we measured 50 or more apatite grains from each sample.
The apatite fission track analysis was performed at the fission track laboratory of Changsha Institute of Geotectonics, Chinese Academy of Sciences. The sandstone samples were ground to 0.1-0.2 mm. Apatite grains were handpicked by a binocular after they were fractionated through the magnetic, electric-magnetic, dielectric and heavy liquid processes. They were put into sample moulds containing polysaccharid and arranged into well-distributed strips. Epoxy was used to cement the apatite grains before the mount was placed into a baking box at 70°C for 24h. After the apatite grains were fixed well, M24, M7 and M3.5 corundum were used to rub the wet surface of the apatite grains down well. The grains were polished by Cr 2 O 3 and made into light-slices, and then these light-slices were etched by 1% HNO 3 for 3 minutes.
Apatite fission track ages in this study were measured by the external detector method. Low U muscovite slips were pasted on these light-slices before they were radiated in the tubes of heavy water reactor together with standard U glass (UB2) under 5 × 10 15 cm -2 neutron fluency. The radiated muscovite slips were then etched by 40% HF at 25°C for 55 minutes so that the induced fission tracks could be clearly observed. Using AUTOSCAN system, we counted the density and length distribution of these tracks. Taking U-glass UB2 (U content is 11.2 × 10 -6 ) and apatites from volcanic ash of the Fish canyon as standards, the apatite FT age is calculated by the ξ method. The FT age (T sample ) and error (δ t ) of samples were calculated by the following equations respectively:
where λ d = 1.55125 × 10 -10 a -1 is the decay constant of 238 U; g = 0.5 is the geometric factor; ρ s and ρ i are the densities of the spontaneous and induced apatite fission track respectively; ρ d is the fission track density of the standard U-glass (UB2) which were recorded by the muscovite slips; ρ d (N d 2. In order to better interpret the measured singlegrained FT ages, we also conducted the confined track lengths of single-grained apatite. The length data are listed in Table 3 and the distribution of track length are shown in Figs. 2 and 3 . Because of the diversity of the basin provenance, every sample possibly includes the apatites derived from different source regions. If the sample has remained in the uppermost part of the Earth's crust and did not experience a postdepositional thermal history sufficient to cause track annealing totally (e.g., at a temperature less than 120°C), then the apatites would not be reset completely after the deposition. Thus, the singlegrained apatite FT age would preserve some information about the source regions from which the grains were eroded.
Due to the fact that the apatites in a single sample undergo the same thermal history after the deposition, it can be deduced that several source rocks with the different thermal evolution should be involved in the basin sediments if the singlegrained apatite FT ages of a sample are composed of several age components. Although these apatites perhaps already have been reset partially and we could not know whether the FT ages related to the original provenance or post-depositional partial annealing, it is feasible to explore the possible source information from the FT ages when we know more details about the regional thermo-tectonic history. With the aim to extract the useful age information, here we employ the radial plot method and two kinds of decomposition methods (the χ 2 and Gaussian peak-fitting method, Brandon (1992) and Brandon and Garver (1994) ) to analyze these single-grain apatite ages. If the apatites in a sample derived from the same source rock, the average FT age of these apatites can be taken as the fission track age of the sample. However, if the apatites in a sample derived from different source areas and they were not reset totally after the deposition, the average FT age is a mix age of different source rocks and has not any real geological meaning. It is unrea- sonable to take the average FT age as the fission track age of the sample directly. In the radial plot, the FT ages and analyzing precision are shown in the same plot, so that we can determine whether the FT ages belong to the same age group. The FT ages can also be divided into several groups if the apatites are derived from different source areas.
The χ 2 method is also effective to determine whether the measured ages belong to a single group or more age groups. When p(χ 2 ) < 5, the measured FT ages are composed of several age groups and needed to be further distinguished through other methods (Galbraith, 1981; Green, 1981) .
In order to further analyze the possible age components in a single sample, we applied the Gaussian peak-fitting method to group the FT ages. According to the Hurford composite probability plot, the fission track ages were taken as a continuous composite probability curve. The corresponding calculation equations can be expressed as (Hurford et al., 1984) :
where P i (x) is the composite probability density for the i-th grain at time x; P t (x) is the composite probability density at time x; and u i is the fission track age; s i is the relevant factor error; N t is the grain number. The apatite FT age decomposition results of Mesozoic sandstones in the Beipiao basin through all the above-mentioned methods are shown in Figs. 4 and 5, and 48, 8.86, 9.33, 9.94, 10.23, 10.25, 10.25, 10.38, 10.40, 11.09, 11.75, 11.59, 12.14, 12.78, 14 .13 20-B-T1 31 10.61 ± 2.04 7. 90, 8.06, 8.14, 8.62, 8.85, 8.86, 9.01, 9.15, 9.21, 9.33, 9.53, 9.71, 10.04, 10.10, 10.15, 10.24, 10.31, 10.35, 10.96, 11.06, 11.15, 11.16, 11.25, 11.44, 11.51, 11.81, 12.18, 12.82, 13.42, 15.93, 16.55 Table 3 
RESULTS AND DISCUSSION
The confined apatite fission track length in Sample 20-B-B2 from the Beipiao formation spans a range of 8.48-14.13 µm with the mean length of 10.77 ± 1.51 µm (n = 15) and Sample 20-B-T1 from the Tuchengzi formation spans a range of 7.90-16.55 µm with the mean length of 10.61 ± 2.04 µm (n = 31) ( Table 3 ). Most of the FT ages of both samples (Tables 1 and 2 ) are younger than the deposition age of the sediments (the deposition ages of the Beipiao and Tuchengzi formations span a range of ca. 190-170 Ma and ca. 160-130 Ma respectively). When plotted in the radial plot (Figs. 4 and 5) , both samples show a scattered distribution pattern, suggesting the existence of several age groups for each sample. In the Gaussian peak-fitting curves, Sample 20-B-B2 has two age peaks: 40.0 Ma and 178.8 Ma, and 20-B-T1 has three age peaks: 32.5 Ma, 77.5 Ma and 152.0 Ma. Both samples have a younger peak age (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) and an older peak age (>150 Ma). Collectively, all the above observations suggest that the apatite fission tracks in both samples have been partially reset after the deposition.
Based on study about the regional Mesozoic tectonic evolution, the detritus composition and filling sequence in the Beipiao basin Lin, 2001, 2002) , we think that the three age groups possibly represent three different basin provenances. The apatites of the oldest peak age (178.8-152.0 Ma) possibly originated from the pre-Mesozoic sedimentary covers of the North China Block, while the apatites of the intermediate peak age (77.5 Ma) and the younger peak age (40.0-32.5 Ma) came from the underlying Archean basement rocks and the Mesozoic volcanic detritus respectively.
The Mesozoic volcanic detritus were rapidly eroded and deposited during the volcanic dormancy, so their original apatite FT age naturally was similar to the deposition time . Due to the absence of intense thermo-tectonic activity from the Proterozoic to early Mesozoic, the pre-Mesozoic sedimentary covers were little disturbed, so they preserved the older apatite FT ages (>230 Ma) before deposited in the Beipiao basin. For the old metamorphic basement rocks lying at the northwestern margin of the Beipiao basin, they were uplifted and eroded into the basin during the Mesozoic time, thus the apatites had the intermediate .
It has been mentioned that the Beipiao basin underwent intense thermo-tectonic events in the Mesozoic. The total thickness of the MesozoicCenozoic volcano-sedimentary sequence is about 3-4 km and the palaeo-geothermal gradient in the Liaoxi area is about 30°C/km in the MesozoicCenozoic time (Ren, 1999) . This implies that the highest temperature that basin sediments experienced spans a range of 90-120°C. Under such environment, most apatites in the Jurassic sediments have stayed in the partial annealing belt (70-120°C) for a long period of time and were partially reset after the deposition. The partial annealing made the FT ages become younger.
The fact that the sandstone of the Beipiao formation (20-B-B2) has two peak ages and the sandstone of the Tuchengzi formation (20-B-T1) has three peak ages suggests that the provenance of the Beipiao basin in the early Jurassic and later Jurassic changed obviously, which responded well to the regional thermo-tectonic setting. After the intense Indosinian south-directed thrusting and folding, the faint extension occurred within the Yan-Liao belt in the early Jurassic and the widespread coal-bearing clastics and continental volcano-sedimentary were deposited. The migration of the upward fining sedimentary succession of the lower Jurassic Beipiao formation reflects the stable subsidence setting. The Beipiao basin subsided slowly and the surround regions uplifted inhomogeneously. The Mesozoic volcanic detritus and pre-Mesozoic sedimentary detritus were eroded and became the major provenances of the basin Lin, 2001, 2002; He et al., 1998) .
In the late Jurassic, the regional tectonic setting changed remarkably. The Tuchengzi formation is composed of a lot of terrestrial coarse detritus, which is different from the lower Jurassic sediments. The migration of the upward coarsening sedimentary succession of the upper Jurassic and the sedimentary thickness toward the direction of the north margin of the basin reflect the evolutionary process of the south-southeasttrending thrusting and erosion. In addition, the basin structural styles were dominated by thrust faults and complex folds with more intensive deformation in its north margin than in its south part as a response to the S-trending tectonic napping during the late Jurassic (He et al., 1998; Davies et al., 2001) . As indicated by the intermediate FT age group of the upper Jurassic sediments, some of the underlying Archean basement rocks uplifted rapidly and eroded and deposited in the Beipiao basin during the late Jurassic.
It is important to note that most of the fission track ages are about 30-40 Ma, which indicates that the Liaoxi area experienced another important thermo-tectonic event during or shortly after 30-40 Ma. Previous studies revealed that the circum-Bohai basins subsided quickly at about 30-40 Ma and deposited km-thick clastic sediments (Wang et al., 1999) , while the Yan-Liao belt experienced inhomogeneous uplift in the Cenozoic (Wu et al., 2000) . At that time, the intensive rifting, rapid subsidence and strong basaltic magmatism occurred in the North China Block. The formation of the Feng-Wei graben and oilbearing basins around the Bohai Bay, the intensive sedimentation and widespread tholeiitic volcanism in these rift basins are typical examples (Chen et al., 1992; Xu et al., 1995; Ma, 1989) . All these facts reflect a Cenozoic thermo-tectonic event overprinting throughout the Yan-Liao belt and possibly the entire North China Block. Furthermore, the palaeo-geothermal gradient in the Liaoxi area was about 30°C/km in the MesozoicCenozoic time (Ren, 1999) . If the FT peak age of 30-40 Ma did reflect a recent uplifting event, then it is reasonable to conclude that the Liaoxi area has uplifted about 3 km since 30-40 Ma and the average uplift rate is about 0.1 mm/a.
CONCLUSIONS
Apatite FT ages in Jurassic sandstones from Beipiao basin span a large variation and different peak ages are obtained. The early Jurassic sediments have two peak ages at 178.8 and 40.0 Ma, while three peak ages at 152.0, 77.5 and 32.5 Ma for the upper Jurassic sandstones. According to the Mesozoic regional thermo-tectonic evolution of the Yan-Liao orogenic belt, these apatites with different FT ages likely represent different source components, although the partial annealing had occurred to these apatites. The apatites of the oldest peak age (178.8-152.0 Ma) possibly originated from the pre-Mesozoic sedimentary covers of the North China Block. The apatites of the intermediate peak age (77.5 Ma) came from the underlying Archean basement rocks, while the apatites of the younger peak age (40.0-32.5 Ma) derived from Mesozoic volcanic detritus. It can be recognized that the basin sediments in the early Jurassic are composed of the Mesozoic volcanic detritus and pre-Mesozoic sedimentary detritus eroded from the uplifted regions around the basin. The existence of the intermediate peak age that is absent in the lower Jurassic sediments (the Beipiao formation) implies that Archean basement rocks of the NCB might have become an important source of the upper Jurassic, which responded well to the south-southeast-trending thrusting and erosion in the northern NCB.
Apatite FT ages of both lower and upper Jurassic sediments in the Beipiao basin have a major peak age (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) , which perhaps recorded an important Cenozoic thermo-tectonic event accompanied by the intensive rifting, basin subsidence and strong basaltic magmatism in the North China Block. Given a paleo-thermal gradient of 30°C/km, it can be deduced that the Liaoxi area has uplifted about 3 km at an average rate of about 0.1 mm/a since 30-40 Ma.
